2+ leaving the sarcoplasmic reticulum through the ryanodine receptor (RyR). Although opening of the RyR can be modified by various ligands, these have no maintained effect on contraction. We conclude that modulation of the RyR controls sarcoplasmic reticulum Ca 2+ content rather than cytoplasmic Ca 2+ concentration.
] i ) from resting or diastolic levels of 100 nM to a systolic level on the order of 1 µM. Varying the magnitude of this systolic increase of Ca 2+ alters the degree of activation of the contractile proteins and therefore force production (4) . As shown in Fig. 1A , the systolic Ca 2+ transient has two sources: 1) Ca 2+ enters the cell from the extracellular fluid via the L-type Ca 2+ current, and 2) Ca 2+ is released from an intracellular store, the sarcoplasmic reticulum (SR). In mammalian cardiac muscle, the release from the SR contributes the bulk of the increase of [Ca 2+ ] i . Ca 2+ leaves the SR down a concentration gradient through the Ca 2+ release channel or ryanodine receptor (RyR). The probability that the channel is open is increased by an increase of the cytoplasmic Ca 2+ concentration. This results in the process of Ca
2+
-induced Ca 2+ release (CICR), in which the entry of a small or trigger amount of Ca 2+ through the sarcolemmal L-type Ca 2+ current results in a local increase of [Ca 2+ ] i , which then opens the RyR, resulting in the release of a much larger amount of Ca 2+ from the SR. Recent work using confocal microscopy has led to the suggestion that the elementary event of CICR is a Ca 2+ "spark," in which the opening of a single L-type Ca 2+ channel results in the opening of one or a small number of RyRs. Further information can be found in recent reviews (5, 11) .
Ca

2+ influx and efflux are equal over the cardiac cycle
For the heart to function as a pump, it must relax as well as contract. This relaxation requires that Ca 2+ be removed from the cytoplasm either by reuptake into the SR (by the SR Ca 2+ -ATPase; Fig. 1A ) or by pumping out of the cell (by the combined actions of the sarcolemmal Ca 2+ -ATPase and Na + /Ca 2+ exchange; Fig. 1A ). It is important to note that, for the heart to be in a steady state, the amount of Ca 2+ that enters the cytoplasm on each beat must exactly equal that which is removed. Furthermore, the amount released from the SR must balance that taken back up into the SR and that entering the cell from outside must be pumped back out of the cell. This cellular Ca 2+ balance is demonstrated in Fig. 1B -ATPase (such as phosphorylation of phospholamban) will increase the SR Ca 2+ content, whereas stimulation of Ca 2+ release will decrease the content. It should also be noted that sarcolemmal Ca 2+ fluxes play a major but indirect role in the control of the SR Ca 2+ content. If the SR is emptied, then the rate and extent of refilling are both increased by electrical stimulation (9) .
At first sight, it might seem obvious that stimulation increases the rate of refilling of the SR. One would expect that the Ca 2+ entry produced by each depolarization would lead to an increase of cell and therefore SR Ca 2+ content. The situation is, however, more complex than this. The experiment illustrated in Fig. 2 
The properties of RyR do not regulate systolic Ca
2+
As well as being regulated by cytoplasmic Ca 2+ concentration, the properties of RyR can be influenced by a variety of other agents and conditions (for review see Refs. 7 and 8). Pharmacologically, caffeine increases the open probability and the local anesthetic tetracaine decreases it. Of particular note under physiological conditions is the fact that the opening probability is enhanced by phosphorylation and cADP ribose. A decrease of ATP concentration or acidification (as occur during ischemia) reduce the open probability, whereas an increase of the concentration of free radicals (as happens on reperfusion) will increase the open probability of the RyR. Finally, it has also been suggested that one explanation for the changes of the systolic Ca 2+ transient in cardiac hypertrophy and failure is an effect on the coupling between the L-type Ca 2+ current and the RyR, leading to a decrease of open probability (6) . To investigate the role of modulation of the RyR, we have carried out experiments in which the SR Ca 2+ content, sarcolemmal fluxes, and systolic [Ca 2+ ] i were measured. We find that pharmacological modification of the RyR has no steady state effect on contraction (10) . This is demonstrated in Fig. 3, which shows purely transient and, in the steady state, the contraction in the presence of caffeine is the same magnitude as that under control conditions. On removal of caffeine, there is an undershoot before contraction recovers. The explanation of this transient effect is that, as shown above, in the steady state, Ca 2+ efflux must equal Ca 2+ influx. Since caffeine has no effect on Ca 2+ influx, in the steady state it cannot affect the efflux. Because the efflux is determined by the magnitude of the systolic Ca 2+ transient, this requires that the amplitude of the systolic Ca 2+ transient be unaffected by manipulation of the RyR. The transient response arises because caffeine initially increases the fraction of the SR Ca 2+ content that is released. This therefore increases the efflux of Ca 2+ from the cell and results in a decrease of SR Ca 2+ content. This, in turn, decreases the amplitude of the next systolic Ca 2+ transient. In the steady state in caffeine, the Ca 2+ transient has the same amplitude as the control one as a result of the opposing effects of an increase in the fractional release of Ca 2+ and a decrease of SR Ca 2+ content.
If the modification of the RyR has no steady state effect on systolic Ca
2+
, why is it regulated?
The above discussion has shown that modification of the RyR has only a transient effect on systolic Ca 2+ . The question therefore arises as to why the RyR is regulated. Two possible explanations are illustrated in Fig. 4 . This shows a simulation of the effects of increasing the magnitude of the L-type Ca 2+ current as occurs, for example, during β-sympathetic stimulation. This has two effects on excitation-contraction coupling: 1) It will increase the Ca 2+ loading of the cell and 2) it will increase the trigger Ca 2+ , thereby increasing the number of RyRs that open. These two consequences are modeled individually in Fig. 4, A and B. Figure 4A shows the effects of only increasing the loading function. This produces a maintained increase of systolic Ca 2+ accompanied by an increase of SR Ca 2+ content. The increase of systolic Ca 2+ takes time to develop because the SR accumulates Ca 2+ on a beat-to-beat basis. The effects of only increasing the trigger are shown in Fig. 4B . Similar to the effects of caffeine, this produces a transient increase of systolic Ca 2+ accompanied by a decrease of SR Ca 2+ content. There is no maintained effect on systolic Ca 2+ . The final simulation (Fig. 4C) shows the effect of simultaneously increasing both the loading and trigger functions of the L-type Ca 2+ current (as will actually occur ] i . The cell was voltage clamped (holding potential -40mV), and 100-ms duration step depolarizations were applied to 0 mV at 0.5 Hz. Caffeine (500 µM) was applied for the time indicated by the bar above the record. The inset shows Ca 2+ transients before (a) and during caffeine application (b 2+ . This means that the ATPase has to pump against an increased Ca 2+ concentration gradient, and this may become limiting. In addition, excessive filling of the SR results in spontaneous release of Ca 2+ from the SR (12) , and this may be arrhythmogenic. Further experimental work will be required to see whether, as suggested by the model, SR Ca 2+ content is fixed during such simple inotropic interventions.
Conclusion
The arguments above suggest that, although RyR is essential for normal excitation-contraction coupling in the heart, it does not constitute a locus for regulation of contraction. This is because changes in SR Ca 2+ content compensate for effects of modification of the RyR. Rather, modulation of the properties of the RyR may serve to allow rapid changes of contraction and, also, to control the Ca 2+ content of the SR. 
